In this paper, we investigated fiber orientations and flexural properties of composites, which were prepared from epoxy resin, curing agent and short carbon fiber (CF) below critical fiber length. The prepreg with CF, curing agent and epoxy resin was prepared by an extrusion method. We found that the fiber orientation was caused when the CF/epoxy composite exhibited a plastic behavior. The ratio of this fiber orientation was 0.71 within the angle from 0 to 10°. The flexural modulus and the flexural strength of this composite, which was prepared from fiber orientation prepreg, was 16 GPa and 211 MPa, respectively. The flexural properties were ca. twice large as compared to a composite with random direction of fibers, indicating that the flexural properties were significantly affected by the orientation of fibers even if the fiber was below critical length. Moreover, it was discussed that the effective coefficient of the short fiber orientation distribution was one of important factors to predict the flexural modulus of a composite.
Introduction
Various short ceramic fibers, such as silicon carbide (SiC) fiber, 1) alumina fiber, 2) glass fiber, 3),4) carbon nanotube, 5),6) carbon nanofiber 7) , 8) and carbon fiber (CF), 9) are widely used as the reinforcement fiber of composite materials in various industrial fields because the mechanical properties of composite are significantly enhanced by adding the fiber. Among these reinforcement fibers, SiC fiber and CF will be attracting attention especially in order to generate the superior mechanical properties of composite materials.
10)13)
Large amount of short fibers below the critical fiber length are produced when preparing composites materials. It is well known that the composite prepared from the short fiber below the critical fiber length shows low flexural properties. 14) Therefore, the short fiber with critical fiber length or a longer length fiber is generally used as a reinforcement fiber of composite. Moreover, it is known that a fiber orientation in a composite is one of important factors for improving mechanical properties. As a method of a short fiber orientation in a composite, an injection molding is an effective technique. 4) , 15) The fibers in a composite prepared by an injection molding technique are aligned. 9 ),16) However, the content of the fiber is limited to 20 vol.% or less because the viscosity of the composite becomes high and the forming of composite is difficult at high short fiber loading.
17) The mixing technique using a blender is one of production methods for the composite at high short fiber loading. However, the short fiber in the composite prepared by a blender exists at the randomly-oriented state. Therefore, the developments of composites with the high short fiber loading and the short fiber orientation are necessary to achieve high mechanical properties.
In this paper, we demonstrate how high fiber-loaded composites with the short CF orientation can be prepared. The mechanical properties of composites with the short CF orientation were studied. Moreover, the improvement of the theory will be also discussed in order to prepare the composites using short CF, with high mechanical properties.
Experimental procedure

Materials
All chemicals and materials were used as received without further purification. Epoxy resin (EPICLON-855) and curing agent (Aromatic amine, JERCUR-ST11) were obtained from DIC Corp. and Mitsubishi Chemical Corp., respectively. The CF with 3 mm average length (TORAYCA T010-003) was purchased from Toray Industries, Inc.
Preparation of short CF/epoxy composites
The short CF adjusted to be 20 vol.% was mixed with epoxy resin and curing agent using a hybrid deformation blender (ARE-310; THINKY Inc.) for 2 min at 2,000 rpm. The contents of epoxy resin and curing agent were 50 and 30 vol.%, respectively. In case of the composite prepared from 40 vol.% short CF, the contents of epoxy resin and curing agent were adjusted to be 37 and 23 vol.%, respectively. The prepreg oriented CF was prepared by an extrusion technique. The extrusion system used in this work was self-produced as shown in Fig. 1 . The selfproduced extrusion system was composed of an autograph (AG-IS 5 kN; SHIMADZU CO.) and an extrusion jig having an extrusion ratio of 28. In order to produce the prepregs oriented CF, the composites after 10, 60 and 90 min from mixing 20 vol.% CF, epoxy resin and curing agent were extruded into a rod shape using a self-produced extrusion system. In case of the prepreg prepared from 40 vol.% CF, the composite was extruded after 10 min from mixing.
Short CF/epoxy composites with 20 vol.% CF were molded by a press forming method, its size was 90 © 70 © 4 mm. In order to prepare the no-fiber-orientation CF/epoxy composite, the composite after 150 min from mixing 20 vol.% CF, epoxy resin and curing agent was pressed under 14 MPa for 5 min at 80°C. In the same way, the prepreg oriented CF was pressed to prepare the oriented CF/epoxy composite with 20 vol.% CF. After press molding, post-curing of the oriented and no-fiber-orientation CF/epoxy composites were carried out using an electric oven (SA3100; MASUDA CO.) for 3 h at 120°C.
Characterization
In order to separate the short fiber from the cured CF/epoxy composites, the epoxy resin in the composites was burned out in the atmosphere for 15 h at 400°C using an electric furnace (NMF-215¢; MASUDA CO.). After the burning, the lengths of the short CF were manually measured using an optical microscope.
The images of the prepreg surfaces and cured CF/epoxy composites surfaces were observed using an optical microscope. The orientation direction of CF in the extruded prepreg was determined as the extrusion direction was 0°. The ratio of fiber orientation was determined as the relative frequency within the angle from 0 to 10°.
The flexural properties of the cured CF/epoxy composites were investigated by a three-point bending test using an autograph (AG-IS 5 kN; SHIMADZU CO.). The three-point bending test was performed using the 5 piece specimens with 10 © 80 © 4 mm size at the indenter speed of 2 mm/min according to JIS K 7171. Figure 2 shows the relationship between extrusion stress and extrusion stroke of the prepregs, which are prepared from 20 vol.% CF, epoxy resin and curing agent, extruded using an extrusion system after 10, 60 and 90 min. In case of the prepreg extruded after 10 min, its stress was linearly increased. On the other hand, the slope of the prepreg extruded after 90 min had an approximately constant at the stroke range from 2 to 29 mm. Table 1 summarized the slope (extrusion stress/extrusion stroke) and the ratio of fiber orientation in the prepregs. The slopes of the prepregs extruded after 10, 60 and 90 min were 35, 2.3 and 0.4 © 10 ¹7 MPa/mm, respectively. The slope of the prepreg extruded after 90 min was clearly small as compared to those extruded after 10 and 60 min. The ratios of fiber orientation in the prepregs extruded after 10, 60 and 90 min were 0.16, 0.17 and 0.71 within the angle from 0 to 10°, respectively. It was found that the high fiber orientation in prepreg was caused at the small slope. In addition, the extrusion of prepreg which was composed of high CF loading of 40 vol.% was achieved using an extrusion system. The slope of the prepreg extruded after 10 min from mixing 40 vol.% CF was 0.5 MPa/mm, indicating that the slope was different as compared to one of the prepreg extruded after 10 min from mixing 20 vol.% CF. This difference can be explained by the elastic or plastic property of prepregs. When the prepreg is plastically deformed in the extrusion process, the slope between extrusion stress and extrusion stroke would be uniform because the deformation resistance through an extrusion jig is zero or much small value. It is known that the short fiber in the prepreg is oriented at the extrusion direction of narrowed down by an extrusion jig having an extrusion ratio of more than 1. 15) On the other hand, if the fluidity of the prepreg with elastic property was caused by an extrusion process, the slope between extrusion stress and extrusion stroke would linearly increase. It was indicating that the deformation resistance of the prepreg extruded at elastic state was larger than one at plastic behavior when passing through an extrusion jig. Therefore, the short fibers in the prepreg with elastic property exist at the state of random orientation, whereas the prepreg at plastic state leads to orientation of fiber. Table 2 summarizes the experimental flexural properties, the ratio of fiber orientation within the angle from 0 to 10°and the average length of fiber in the composites consisted of 20 vol.% short CF. The fiber-oriented composite was fabricated from the prepreg extruded after 90 min by a press molding. The experimental flexural modulus (E c ex ) and flexural strength (· c ex ) of the fiber-oriented composite were 16 GPa and 211 MPa, respectively. Those of the no-fiber-orientation composite were 8 GPa and 108 MPa, respectively. The flexural properties of the fiber-oriented composite were ca. twice large as compared to the no-fiberorientation one, meaning that the flexural properties of composite were improved by a fiber orientation. Figure 3 shows the photographs of (a) the fiber-oriented and (b) no-fiber-orientation 
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Shimamoto et al.: Fiber orientation and flexural properties of short carbon fiber/epoxy composites composites prepared from 20 vol.% CF using an optical microscope. It was observed that the fibers in the fiber-oriented composite were aligned at the extrusion direction of prepreg. The distributions of fiber orientation in (a) the fiber-oriented and (b) no-fiber-orientation composites were represented as histograms in Fig. 4 . The ratio of fiber orientation in the fiber-oriented composite was 0.45 within the angle from 0 to 10°, which was decreased from 0.71 of the prepreg by a press molding. In contrast, the ratio of fiber orientation in the no-fiber-orientation composite was 0.14. When the distribution of fiber orientation in the composite was divided in 10°within the range from 0 to 90°, the relative frequency in the no-fiber-orientation composite had a similar value of 0.1. Moreover, Table 2 shows the average lengths of CF (l) in the fiber-oriented and no-fiber-orientation composites were similar values, 0.28 and 0.19 mm, respectively. The flexural modulus and flexural strength of the fiber-oriented composite were ca. twice compared to the no-fiber-orientation composite one. This result indicated that the flexural properties were significantly affected by a fiber orientation. Thus, the short fiber orientation in the composite is an effective factor to improve the flexural properties. In order to predict the flexural modulus of the composite prepared from short fiber, Halpin-Tsai's equation is often used.
18),19)
Halpin-Tsai's equation is represented as following;
where E c cal is the calculated flexural modulus of composite, E m is the flexural modulus of matrix, E f is the flexural modulus of fiber, l is the length of fiber, d is the diameter of fiber and V f is the volume fraction of fiber in a composite. On the other hand, KellyTyson's equation 20) is also used to predict the flexural strength of the short fiber composite (· c cal ) as following;
where l c is the critical fiber length, · f is the flexural strength of fiber, · m is the flexural strength of matrix. The assumptions of Halpin-Tsai's and Kelly-Tyson's equations are that fibers are completely oriented in a single direction. From the experimental data of this work, l, l c , d, E m and · m were 0.28, 0.59 mm, 7.45 m, 2.8 GPa, and 83 MPa, respectively. In this work, l c , which is dependent on the interface adherence between fiber and matrix, was measured by a fragmentation test. 21 ), 22) In addition, literature values of E f and · f values of short CF, which were 250 GPa and 2,700 MPa, respectively, were used. 14) From these experimental and literature values, E c cal and · c cal were estimated. In case of the fiber-oriented composite prepared from 20 vol.% CF, E c cal and · c cal were 28 GPa and 196 MPa, respectively. However, E c cal of the fiber-oriented composite was estimated to be 28 GPa, whereas E c ex as shown in Table 2 was 16 GPa. E c cal was 1.8 times larger than E c ex . On the other hand, · c cal of the fiber-oriented composite was 196 MPa, which was identical with · c ex . l c is one of factors to decide the flexural strength in Eq. (2). It is known that the critical fiber length is strongly affected by adhering between fiber and matrix in the composite. 21 ), 22) In this work, l of the fiber-oriented composite was shorter than l c . Those fiber lengths were 0.28 and 0.59 mm, respectively. Therefore, there is a possibility that the epoxy resin matrix in the composite was ideally reinforced by the Table 2 . The experimental flexural properties, the ratio of fiber orientation within the angle from 0 to 10°and the average length of fiber of the fiber-oriented and no-fiber-orientation short CF/epoxy composite with 20 vol.% CF powder 3 . Surface images of (a) the fiber-oriented and (b) no-fiberorientation short CF/epoxy composites with 20 vol.% CF using an optical microscope. Fig. 4 . Distributions of fiber orientation in (a) the fiber-oriented and (b) no-fiber-orientation short CF/epoxy composite with 20 vol.% CF.
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short CF having superior interface adherence between CF and epoxy resin at whole interface region. Furthermore, when the fiber length (l) is as same as critical fiber length (l c ), l/(2l c ) in Eq. (2) is 0.5. It means that the half of fiber volume fraction (V f ) in the fiber-oriented composite is effective for the flexural strength (· c ex ). The ratio of fiber orientation in the fiber-oriented composite, which was prepared from 20 vol.% CF, was obtained to be 0.45 within the angle from 0 to 10°as shown in Table 2 . Thus, it was considered that the mechanical properties of the fiber-oriented composite consisted of fiber below l c , was affected by V f and the orientation of CF, which were potentially-assumed by the Kelly-Tyson's equation.
In order to discuss the difference between E c ex and E c cal of the fiber-oriented composite, we propose the improvement of theory for the Halpin-Tsai's equation [Eq. (1)] using the effective coefficient ( E ) for V f in the composite.
In this work, it was assumed that E was a factor related to the fiber orientation in the composite because there was the distribution of fiber orientation. The similar modifications had been used for the calculation of elastic modulus of the short fiber composite according to the rule of mixtures. 14),16),23), 24) When E is adjusted to be 0.54, [E c cal ]B calculated by Eq. (3) was 16 GPa, and was identical with E c ex . The effective volume fraction is expressed to be E ·V f in Eq. (3). The ratio of fiber orientation of the fiber-oriented composite prepared from 20 vol.% CF was obtained to be 0.45 within the angle from 0 to 10°by a measurement of fiber orientation as shown in Table 2 . In addition, when E is adjusted to be 0.54, E c cal of the fiber-oriented composite is identical with E c ex . It indicated that the half of V f in the fiber-oriented composite had been effective for the enhancement of flexural modulus. It was suggested that the effective volume fraction was important for predicting the flexural modulus of the short-fiber-oriented composites by the Halpin-Tsai's equation. In case of the short-fiber-oriented composite having a distribution of fiber orientation, it was found that the effective volume fraction of fiber would have a perceptible influence on mechanical properties.
Conclusion
In this study, we demonstrated how the prepreg was prepared with the oriented short CF at high fiber loading. The contents of the oriented short CF were 2040 vol.%. The prepreg with highly-oriented CF was achieved by an extrusion method under a plastic behavior. Moreover, the mechanical properties of the composite with the oriented short CF were investigated. The fiber orientation in the short CF/epoxy composite was found to be very effective for improving the flexural properties even if composites were composed of the short CF that was shorter than the critical fiber length. In addition, the effective coefficient for volume fraction of short fiber in the composite was proposed to improve the Halpin-Tsai's equation as a theory for predicting flexural modulus.
One important consequence of the present study is that the fiber orientation in the short fiber composites is a very useful technique to enhance mechanical properties even if the length of fiber in the composite is shorter than the critical fiber length. Moreover, it is important to propose the usage of the short ceramic fiber such as fiber orientation technique because a lot of composites, which was produced 10 years ago, will become useful life and will be disposed as an industrial waste.
